Springs are important freshwater habitats that provide refuge for many rare species. In this study, the fauna and abiotic parameters of 20 perennial springs in north-western Switzerland were investigated. Correlation of abiotic and macrozoobenthos data showed that physicochemical parameters had little impact on macrozoobenthic composition, whereas specific substrate parameters strongly influenced the composition of the macrofauna. Surprisingly, nonmetric multidimensional scaling did not reveal a grouping of springs with similar substrate composition or macrozoobenthic assemblages. However, discharge was identified as the factor significantly determining substrate and the composition of macroinvertebrate assemblages. This justifies the hypothesis that, variation in discharge is the disturbance factor governing the macrofaunal composition temporally and spatially within and between patches.
Introduction
Springs are an interface between surface and groundwater (Williams, 1991; Webb et al., 1998) . They provide unique habitats for many rare species (Lindegaard et al., 1998; di Sabatino et al., 2003) and for relict species that have survived in an environment of rather stable ambient conditions (Hynes, 1970; Ito, 1998) . The few investigations of spring ecosystems in Switzerland were mostly conducted in the early 20th century (Bornhauser, 1912; Chappuis, 1924; Geijskes, 1935) . The only recent comprehensive studies of macroinvertebrate assemblages in springs in Switzerland are those of Zollho¨fer (1999) , who developed a spring typology based on the work of Steinmann (1915) and Thienemann (1924) .
Previous investigations assumed that springs are habitats with nearly stable physical and chemical conditions (Odum, 1957; van der Kamp, 1995) . Thermal stability has been thought to be one of the main characteristics of springs and the reason for the presence of cold stenothermic animals (Illies, 1952; Erman & Erman, 1995) . However, springs differ in their geomorphological features and their water supply from deep or shallow groundwater. Conditions in springs also change on a temporal scale (Bohle, 1995) . Within a spring and between springs, these variabilities lead to a patchy environment with fluctuating conditions for small, isolated populations as described in the patch dynamics concept (Pickett & White, 1985; Townsend, 1989) .
Various chemical factors have been identified to influence the specific spring fauna (Glazier, 1991; Williams et al., 1997; Hahn, 2000; Orendt, 2000) . And also substrate composition has been regarded as important (Bonettini & Cantonati, 1996; Hahn, 2000; Ilmonen & Paasivirta, 2005) . Besides these factors governing the specific spring fauna discharge has been identified to influence macrozoobenthic spring assemblages, especially with regard to its temporal variation (Minshall, 1968; Gu¨mbel, 1976; Danks & Williams, 1991; Smith, 2002; Meyer et al., 2003) . Its role relative to other parameters is known neither generally nor specifically for landscape units. This study examines the influence of substrate, discharge, and other physical and chemical variables on the distribution of macroinvertebrates in perennial springs in north-western Switzerland. Our goal was to test whether springs of this region are differentiated into distinct groups and to discover which abiotic parameters are decisive factors for determining the composition of macrozoobenthic assemblages in springs.
Study area
The study area is located around the city of Basel in north-western Switzerland, into the Jura Mountains. The landscape ranges from urban areas near Basel to agricultural areas and forest. The springs are situated between 280 and 630 m above sea level, with an average altitude of 430 m above sea level. The geological underground mainly consists of limestone with groundwater of usually high conductivity. The climate is temperate; winters are moderately cold, and summers are warm and wet (Zollho¨fer, 1999) . After preliminary investigations, 20 relatively undisturbed, perennial springs (Q1-Q20) were selected. Q1-Q7 are situated near the city of Basel, and Q8-Q20 are located in the Jura Mountains, either in the forest or in rural areas (Table 1) . The chosen springs included amongst others limesinter-rheocrenes, karst and alluvial springs, as well as two tubed springs.
Materials and methods
Macroinvertebrates were quantitatively sampled with a Surber sampler (10 Â 10 cm = 0.01 m 2 , 600lm mesh width), which was constructed specifically for use in springs of very small size. This novel device allowed the recording of a high percentage of the macrofauna of the total habitat without disturbing the entire spring ecosystem. The mesh width was chosen because the study focused on the macrofauna. Meiofauna and minute groundwater species were only collected accidentally as they will be studied in another survey. ) and Q9 (9 samples, 0.09 m 2 ). All samples were immediately preserved in 70% ethanol, and subsequently sorted and determined in the laboratory. Turbellaria were separated in the field before preservation to allow live identification. Taxonomically demanding groups (e.g., Chironomidae) were not identified to the species level, and early instar larvae were identified to the most accurate taxonomic level. On each sampling occasion, water temperature (°C), pH value, conductivity (lS cm )1 ), oxygen concentration (mg l )1 ), and oxygen saturation (%) were recorded in the field using portable meters (Wissenschaftlich-Technische Werksta¨tten, Weilheim, Germany). After calibration with our own measurements at some springs using the method of Zollho¨fer et al. (2000) , discharge was assessed by eye and classified into four classes according to Hoffsten & Malmqvist (2000) : 1: <1 l min )1 ; 2: >1 and <5 l min )1 ; 3: >5 and <20 l min
; 4: >20 l min )1 . The substrate types (See supplementary material) were categorized into five classes of frequency based on percentage of areal coverage (Hahn, 2000) : 0: 0%; 1: 1-25%; 2: 26-50%; 3: 51-75%; 4: 76-100%. Owing to the three-dimensional nature of a streambed on which the substrates lie, usually more than 100% was obtained.
All statistical analyses were calculated using PRIMER 5.0 (Clarke & Warwick, 2001 ). Faunistic and abiotic data were correlated using the BioEnv routine. The Bray-Curtis similarity matrix of square-root-transformed abundance data was compared with the Euclidian distance similarity matrix of the abiotic data. The Spearman rank correlation was used for correlating data. The combination of abiotic variables with the highest q value best describes the faunistic distribution (q between 1 and )1).
Substrate data were analyzed using principal components analysis. Ordination of the springs was conducted using nonmetric multidimensional scaling (nMDS). With nMDS, the similarity index can be chosen freely, and only ranks are compared; it does not assume normal distribution. Distances between springs are relative and illustrate similarities between samples. The Bray-Curtis similarity was used as the similarity index. The similarities between samples were analyzed using the analyses of similarities (ANOSIM) procedure, which is analogous to ANOVA, but relies on a similarity matrix and makes few assumptions on data. The higher the global R value, the larger are the differences between samples.
Results

Physical and chemical variables and substrate composition
The physical and chemical properties of the springs differed slightly. The water temperature ranged from 8.0 to 13.7°C (mean ± SD: 10.9 ± 1.6°C). The oxygen concentration ranged from 5.6 to 10.8 mg l )1 (mean ± SD: 9.0 ± 1.6 mg l )1 ), and the oxygen saturation ranged from 47 to 102% (mean ± SD: 84 ± 14.7%). The conductivity was high; only Q8 had a very low conductivity (mean ± SD: 706 ± 334 lS cm )1 ). Nearly all springs had circum-neutral pH (6.6-8.4), and the discharge ranged from very low (<1 l min )1 ) in some muddy springs to very high (>20 l min )1 ) in some springs emerging from an artificial pipe (See  supplementary table  1 ). The BioEnv routine (PRIMER 5.0) showed that physicochemical parameters had little influence on the composition of macrozoobenthic assemblages. The substrate parameters anoxic mud, leaf litter, clay, and cobblestones influenced the composition of the macrozoobenthic communities most (q = 0.559; p = 0.01). Therefore, physicochemical data were not considered in further analyses.
Fauna
A total of 82 species and higher taxa were recorded from 155 samples. We found on average 20 taxa Gammarus fossarum was very frequent and occurred in almost every spring and every sample. We determined 22 species of trichoptera. Crunoecia irrorata was recorded in 8 springs, but never reached high abundances, whereas Synagapetus dubitans was very frequent in 4 springs and occurred in 50% of the springs. The groundwater organisms Bythiospeum spp. and Niphargus spp. occurred in 13 and 14 springs, respectively. Nemouridae were found in over 75% of the springs.
The population density varied greatly and reached over 17,000 individuals m )2 in one spring. Most other springs had population densities of <5000 individuals m )2 (mean ± SD: 8715 ± 5795 individuals m )2 ). Insects comprised an average of 61% of the taxa recorded per spring (41.7-80%; SD: 10.9%).
An ANOSIM showed that the replicates of one spring are significantly more similar than replicates of different springs (global R = 0.762; p = 0.01). Therefore, we summarized the data of samples of each spring and used the mean value for nMDS and BioENV analyses.
The principal components analysis conducted with the 13 substrate types showed that factors one and two explained 27 and 17% of the variance, respectively. The first three factors together explained 58% of the variance. Component one is dominated by coarse substrate on the positive axis and by biotic and fine substrate on the negative axis. Component two is determined positively by lime sinter and plant structures (roots and dead branches) and negatively by macrophytes (Fig. 1) .
The springs could not be classified according to the substrate composition using nMDS. Viewing the graph from the left to the right, a gradient becomes apparent of springs with mainly fine substrate and leaf litter to springs with mostly coarse inorganic substrate. Most of the springs are similar according to their substrate composition. ANOSIM (R = 0.3, p = 0.0013) showed that springs with low discharge (>1 and <5 l min )1 ) differ significantly from springs with very high discharge (>20 l min )1 ). Other factors, e.g., physicochemical parameters and the location of the springs, have no influence on the substrate composition and the distribution of the springs on the nMDS graph (Fig. 2) .
Similar results were obtained when faunistic data were used for nMDS (Fig. 3) . Classification was not possible, and ANOSIM (R = 0.4, p = 0.0001) showed that springs with low discharge (>1 and <5 l min )1 ) differ significantly from springs with very high discharge (>20 l min )1 ). Other factors had no significant influence on the macroinvertebrate composition and the distribution of the springs on the nMDS graph.
Discussion
In Europe, a few attempts have been made to classify springs limnologically (Thienemann, 1924; Schwoerbel, 1959; Gerecke, 1991; Zollho¨fer, 1999; Zollho¨fer et al., 2000) . In our study the investigated springs could not be differentiated into distinct classes. Due to the geological and geographical homogeneity of the area investigated in this study the chemical conditions of the springs were very similar. Only large-scale investigations in springs with different geological settings or investigations in acidified springs (Baltes, 2000; Hahn, 2000) show distinct differences in spring water chemistry.
And also looking at substrate and macroinvertebrate composition we could not differentiate spring types. The transition from one virtual type to another is gradual, and there is almost a continuum between traditional types, such as helocrene and rheocrene (Steinmann, 1915; Thienemann, 1924) . In limestone areas, rheocrenes are often sintered to a certain degree, but this is not a discriminating factor and we cannot draw a sharp line between rheocrenes and limesinter-rheocrenes. Nonsintered rheocrenes in other regions might show differences in species composition. For the macroinvertebrate assemblages in the studied ).
springs other substrate factors, e.g., leaf litter and cobblestones, are more important. The appearance of a spring and its macroinvertebrate composition depend on many factors, each of which varies considerably. Therefore, approaches to establish regional spring classifications may best reach their goal by describing a continuum with regionally specific forms of emergence, instead of categorizing rigidly distinct types. The individuality of springs has to be considered. However, our results confirm that substrate composition plays an important role for macroinvertebrate assemblages as it has been widely documented in literature (Bonettini & Cantonati, 1996; Hahn, 2000; Ilmonen & Paasivirta, 2005; Gerecke et al., 2005) and it is evident that the substrate composition of a spring influences the diversity of macrozoobenthic communities. Detritivores dominate muddy, helocrene-like springs with low discharge, whereas mostly grazers inhabit springs with coarse substrate and high discharge. Leaf litter is particularly important because of its function as a source of energy in an ecosystem with originally little allochthonous material (RosiMarshall & Wallace, 2002) . Leaf litter is the most common food source, especially for Amphipoda (Cummins et al., 1973) . Therefore, it is not surprising that we identified leaf litter as one of the most important substrate components for macrofaunal composition in springs.
As hydrological conditions form spring habitats, discharge is commonly assumed to have an influence on the composition of macrozoobenthic assemblages (Bonettini & Cantonati, 1996; Hoffsten & Malmqvist, 2000; Meyer & Meyer, 2000; Meyer et al., 2003; Ilmonen & Paasivirta, 2005) . Constancy of discharge is particularly important for colonization patterns (Danks & Williams, 1991; Smith, 2002; Smith et al., 2003) . In shaping the substrate and therefore the habitat structure, discharge also affects macrozoobenthic assemblages indirectly (Smith et al., 2003) . In the current study, springs with very high discharge could be significantly separated from springs with low discharge with respect to substrate composition and to the composition of macrozoobenthic assemblages. However, the dynamic character of discharge requires long-term studies for assessing the influence of its constancy on macroinvertebrate assemblages.
The periodical changes of abiotic parameters, such as discharge and substrate composition, lead to temporal and spatial patchiness in springs. The patch dynamics concept (Pickett & White, 1985; Townsend, 1989) has been widely applied to river ecosystems (Downes, 1990; Matthaei & Townsend, 2000; McCabe & Gotelli, 2000; Melo et al., 2003) . Investigations on the application of the concept to springs are still lacking.
Patch dynamics are strongly connected with the role of disturbance on macroinvertebrate assemblages. The assumption that springs are relatively stable ecosystems leads to the conclusion that disturbance is not an important factor for the dynamics in spring ecosystems. This is consistent with the intermediate disturbance hypothesis, which predicts a peak in biodiversity at an intermediate disturbance level (Connell, 1978) and low diversity at a lower disturbance level, as in the case of springs. Barquin & Death (2004) support this thesis with the results of their work in northwestern Spain.
However, as we pointed out above, other investigations show the importance of varying discharge for macroinvertebrate communities. As in other running waters, discharge should be the most important disturbance factor in springs, where the span reaches from desiccation in intermittent springs to spates in karst spring systems. Both disturbance events lead to a redistribution of individuals within and between patches of one spring and open up space for new colonists. Because of the periodic disturbance, intermittent springs lack macroinvertebrates with high growth rates in summer or bivoltine, multivoltine or partivoltine animals (Smith & Wood, 2002) , and are usually not inhabited by spring specialists (Gooch & Glazier, 1991) . However, we did not consider intermittent springs in our study. Perennial springs consist of more patches and therefore associated species (Danks & Williams, 1991) and are refuges for glacial relicts (Fischer et al., 1998; Williams & Williams, 1998) . Also hololimnic species are typical for perennial springs because of their lack of flight dispersal (Gooch & Glazier, 1991) . The present study confirmed that in springs with very low discharge, merolimnic insects are more frequent than hololimnic species. The Amphipod Gammarus fossarum was frequent probably due to the hard water in the investigated springs (Glazier, 1991) .
We can also consider a single spring as a patch of a naturally fragmented spring system at landscape scale with temporal, spatial, and functional aspects. Furthermore, the population of one species in one spring forms a part of a metapopulation as described in the metapopulation concept (Hanski & Gilpin, 1997) . The genetic differentiation within metapopulations will depend on the dispersal abilities of the animals and on isolation factors, such as the distance between adjacent springs. Initial studies show that among insects, the dispersal ability of a species influences the faunal composition of streams (Hoffsten, 2004) and the genetic diversity within a species (Wilcock et al., 2001; Kelly et al., 2002; Miller et al., 2002) .
Studying the distribution and dynamics of the characteristic spring fauna will help to identify the most appropriate measures to mitigate adverse man-made effects on springs.
Conclusion
This study clearly showed the complexity of spring ecosystems. Discharge is one governing factor determining both the substrate composition and the composition of macrozoobenthic assemblages in springs. The springs are also linked because of the influence of the substrate on macroinvertebrate assemblages. Variation in discharge was assumed to be the most important disturbance in springs, where the disturbance may remain predictable over a certain period of time. This would be documented by a characteristic faunal composition. Further investigations will focus on the distribution, disturbance, and dispersal between springs, which are key factors for the dynamics of these unique habitats.
